Introduction {#sec1}
============

Silver nanoparticles are important metal nano materials. Their larger surface-to-volume ratio, higher surface energy, and unique surface plasmon resonance (SPR) effects have a wide range of applications, including wound dressing, protective clothing, new nanomedicines, antibacterial surfaces, water treatment, food preservation and disinfecting agents.[@bib1], [@bib2], [@bib3] Conventional synthesis of silver nanoparticles includes physical methods using elevated temperatures and high pressures, as well as chemical methods using toxic chemicals that pollute the environment.[@bib4] Therefore, green synthesis approaches have been sought as valuable alternatives with many advantages, such as ecofriendliness, energy efficiency, non-toxicity, and compatibility with medical applications.[@bib5], [@bib6] Colonization, biofilm formation, and adherence of pathogenic bacteria on various human surfaces are associated with infections exhibit high resistances to available therapies.[@bib7] Infections associated with medical devices are becoming increasingly common among nosocomial infections due to high contamination of devices during use.[@bib8], [@bib9], [@bib10] Furthermore, infectious agents are serious challenges and can spread to other immune-privileged sites. The conventional antibacterial therapies have little or no effects against pathogenic biofilm populations colonised on medical devices. Replacement or surgical removal of the medical devices is often essential, and in certain cases, patients require intermittent antibiotic treatment for the rest of their lives where device removal is not a viable option.[@bib11] Complications arising from biofilm infections lead to significant morbidity and mortality,[@bib12] which necessitates identification of novel approaches to eliminate biofilm infections on medical devices. At present, various conventional strategies using standard antibacterial agents have been used ineffectively to treat and prevent biofilm formation. There are reports that green synthesized silver nanoparticles have efficient antimicrobial activities against bacteria, viruses, and other eukaryotic microorganisms.[@bib13], [@bib14] In addition, silver nanoparticles are also reported to possess anti-inflammatory[@bib15] and anti-angiogenic activity,[@bib16] which supports their applications for medical purposes.

*Berberis asiatica* is an important Ayurvedic medicinal plant, belonging to family Berberidaceae. In this study, *B. asiatica* leaves were extracted for synthesis of silver nanoparticles and were used to prevent biofilm formation on glass surfaces against. Strains tested included *Staphylococcus epidermidis* (35984) and *Staphylococcus aureus* (740), which is a well-known strain involved in human infections and resistant to commercially available antibiotics (e.g., gentamycin).[@bib17], [@bib18], [@bib19]

*B. asiatica* ([Figure 1](#fig1){ref-type="fig"}) is a pretty evergreen thorny shrub, measuring 1.8--2.4 m in height; these shrubs commonly occur on the dry outer Himalaya. Leaves are 2.5 cm--6.3 cm by 1.3 cm--3 cm long, usually elliptical with large distinct spines. This shrub has been traditionally used for its anti-inflammatory, antidiabetic, analgesic, antipyretic, diuretic, hepatoprotective, antimicrobial, antioxidant, strong wound healer, anti-rheumatic properties.[@bib20], [@bib21]Figure 1Leaves of *Berberis asiatica*.Figure 1

Materials and Methods {#sec2}
=====================

Plant and chemicals {#sec2.1}
-------------------

The leaves of *B. asiatica* were collected from G.B. Pant Engineering College campus (Ghurdauri, Pauri, Uttarakhand, India). The sample taxonomy was authenticated by the department of Botany, Hemwati Nandan Bahuguna Garhwal University (Central University) Srinagar, Uttarakhand, India. Standard cultures of *S*. *epidermidis* (35984) for antibacterial assays were procured from American Type Culture Collection (ATCC) and *S. aureus* (740) was procured from Microbial Type Culture Collection (MTCC), IMTECH, Chandigarh, India.

Preparation of *Berberis asiatica* leaf extracts {#sec2.2}
------------------------------------------------

*B. asiatica* leaves (20 g) were washed with Milli Q water, cut into small pieces, and boiled for 15 min in 250 ml Erlenmeyer flasks containing 100 ml Milli Q water. The extract was then filtered through Whatman filter paper No. 1 and stored at 4 °C till further use.[@bib22]

Synthesis of silver nanoparticles {#sec2.3}
---------------------------------

To initiate the synthesis of AgNPs, 2.5 ml of leaf extracts were mixed with 47.5 ml of 1 mM silver nitrate (AgNO~3~) solution with constant stirring for 10 min and kept for incubation at 40 °C for 60 min in the dark. AgNP formation was marked by a change in colour of the AgNO~3~ aqueous solution from colourless to brown.

Characterization of AgNPs {#sec2.4}
-------------------------

The phytosynthesized AgNPs were characterized by Ultraviolet--visible spectral analysis. The absorbance spectra were recorded using Ultraviolet--visible spectroscopy (UV-1800 Shimadzu UV spectrophotometer) from 300 to 700 nm. Fourier transform infrared spectroscopy was performed on a Thermo Scientific™ Nicolet iS™50 FTIR Spectrometer to detect possible functional groups in biomolecules present from leaf extracts of *B. asiatica*. X-ray diffraction was performed on a X-ray diffractometer (Panalytical Xpert-PRO 3050/60) operated at 30 kV and 100 mA and the spectrum was recorded by CuKα radiation with wavelength of 1.5406 Å in the 2θ range of 20°--80°. The surface morphology and size of the AgNPs were examined using a scanning electron microscope (SEM) on a NOVA-450 instrument. Transmission electron microscope (TEM), energy dispersive spectroscopy (EDS), and selected area electron diffraction (SAED) measurements were performed on a Tecnai G2 20 S-TWIN instrument. The atomic force microscopy (AFM) used a nanoscope8 in its non-contact mode. Viable bacteria cells were counted using a digital colony counter (LAB India).

Coating of AgNPs on glass surface {#sec2.5}
---------------------------------

Glass slides were prepared by immersing them in a colloidal suspension of AgNPs (1 mg/ml) followed by incubation for 18 h at 25 °C. Next, glass slides were placed in a water bath sonicator for 10 min and air dried.[@bib23]

Antibacterial activity of glass coated with AgNPs {#sec2.6}
-------------------------------------------------

Antibacterial activity of glass coated with AgNPs was investigated against *S. epidermidis* and *S. aureus*, common pathogenic strains on medical devices as well as involved in human infections that are resistant to commercially available antibiotics. Overnight cultures were diluted with 0.9% NaCl to a 0.5% Mcfarland standard. The bacterial suspension (10 μl) was deposited on a standard microscopic slide and subsequently covered with a glass slide coated with AgNPs to form a thin film between slides and facilitate direct contact of the bacterial with the AgNPs. The two glass slides were kept in an autoclaved petri plate containing 1 ml of phosphate buffer saline (PBS) to maintain a damp environment. The slides in contact with the liquid films containing bacteria were maintained at room temperature for 6 h, 10 h and 18 h, respectively; for each time of contact, an uncoated glass slide was treated the same way as a control. After the contact time, 9 ml of PBS was introduced in each autoclaved petriplate with gentle shaking to detach the assembled glass slides. Next, the bacterial suspension was grown in Nutrient agar medium to count viable cells. The bactericidal effect (BE) was calculated as$$\mathit{BE} = \frac{\log\ N_{C} - \log\ N_{E}}{\log\ N_{C}}$$where *N*~*C*~ is the number of Colony Forming Unit (CFU)/ml developed on control glass and *N*~*E*~ is the number of CFU/ml counted after exposure to AgNPs modified glass.[@bib23]

Statistical analysis {#sec2.7}
--------------------

All experiments were performed in triplicate and student\'s *t*-test was used to evaluate statistically significant differences, where p \< 0.05 was considered to be significant.

Results {#sec3}
=======

*B. asiatica* leaf extracts were used for the synthesis of AgNPs. The reduction of pure Ag to nanoparticles was monitored by UV--vis spectrum from 300 nm to 700 nm. The UV--visible spectra of AgNPs are shown in [Figure 2](#fig2){ref-type="fig"}a with well-defined surface plasmon bands centred approximately 426 nm. The SPR band depends upon the particles shape, size, and chemicals surrounding adsorbed species on the surface.[@bib24] SPR is a collective excitation of the electrons in the conduction band around the nanoparticles surface. The formation of AgNPs was probably due to the reduction of Ag^+^ ions into Ag^0^ atoms by the *B. asiatica* leaf extracts added to the AgNO~3~ solution.Figure 2Characterization of phytosynthesized AgNPs from *Berberis asiatica*, where (a) UV--vis absorption spectrum, (b) FTIR spectrum, and (c) XRD pattern.Figure 2

The FTIR spectra of phytosynthesized AgNPs manifests absorption peak located near 3440 cm^−1^, 2929 cm^−1^, 2862 cm^−1^, 1753 cm^−1^, 1635 cm^−1^, 1460 cm^−1^, 1383 cm^−1^, 1243 cm^−1^, 1055 cm^−1^, 793 cm^−1^, and 605 cm^−1^ ([Figure 2](#fig2){ref-type="fig"}b). The synthesized AgNPs phase was measured by XRD as shown in [Figure 2](#fig2){ref-type="fig"}c. The presence of intense peaks at 2θ = 38.85, 46.85, 64.85, and 77.45 corresponds to planes of (1 1 1), (2 0 0), (2 2 0), and (3 1 1), respectively, which can be indexed according to the facets of silver.[@bib25]

The size determined by TEM analysis was found to be from 15 nm to 35 nm ([Figure 3](#fig3){ref-type="fig"}a--c). The AgNPs morphology was also studied by SEM ([Figure 3](#fig3){ref-type="fig"}e). Bright circular rings in the SAED pattern of AgNPs revealed their crystalline nature ([Figure 3](#fig3){ref-type="fig"}d). The elemental analysis of the AgNPs was performed using EDS. The EDS spectra of phytosynthesized AgNPs are shown in [Figure 3](#fig3){ref-type="fig"}f and show a strong peak at 3 KeV, which means that AgNPs are entirely composed of Ag.[@bib26] Surface morphology and size of coated AgNPs synthesized from *B. asiatica* leaf extracts were further studied by AFM analysis and are shown in [Figure 4](#fig4){ref-type="fig"}a and b. The phytosynthesized AgNPs were found to be approximately 27 nm as was found previously by XRD and TEM studies.Figure 3(a--c) TEM images of phytosynthesized AgNPs formed by reduction of Ag^+^ ions using aqueous *Berberis asiatica* leaf extracts at 200 nm, 50 nm, and 10 nm scale, (d) SAED pattern of the AgNPs indicates that nanoparticles are highly crystalline, (e) SEM image of phytosynthesized AgNPs, (f) EDS of AgNPs.Figure 3Figure 4(a--b) AFM micrograph of coated AgNPs phytosynthesized using *Berberis asiatica* leaf extracts on glass surface.Figure 4

To understand the inhibitory effect of AgNP coating to prevent bacterial adhesion, we assessed the bactericidal effect of glass coated with AgNPs in contact with liquid film of *S. epidermidis* and *S. aureus*. Bactericidal effect was calculated by growing bacterial suspensions of each sample in Nutrient agar media to count viable cells using a digital colony counter. In this study, we developed a practical test to prevent the bacterial adhesion by coating the glass surface layer with AgNPs and is in contact with liquid films of *S. epidermidis* and *S. aureus*. The phytosynthesized AgNPs showed stronger antibacterial effect against *S. epidermidis* and *S. aureus* ([Table 1](#tbl1){ref-type="table"}; [Figure 5](#fig5){ref-type="fig"}, [Figure 6](#fig6){ref-type="fig"}). The bactericidal effect due to the coated AgNPs on glass surfaces may prevent bacterial adhesion of pathogenic bacteria on medical devices.Table 1Bactericidal effect of glass coated with AgNPs on *Staphylococcus epidermidis* and *Staphylococcus aureus* after 6 h, 10 h and 18 h of contact.Table 1Contact time of AgNPs grafted on glass surface with liquid film of *Staphylococcus epidermidis* and *Staphylococcus aureus*Test pathogen6 h10 h18 hBactericidal effect (BE)*Staphylococcus epidermidis*3.15 ± 0.013.29 ± 0.023.36 ± 0.01*Staphylococcus aureus*3.20 ± 0.023.35 ± 0.033.60 ± 0.01Figure 5(a) Plate showing number of colonies of *Staphylococcus epidermidis* before treatment of AgNPs, (b) After 6 h of treatment with AgNPs, (c) After 10 h of treatment with AgNPs, (d) After 18 h of treatment with AgNPs.Figure 5Figure 6(a) Plate showing number of colonies of *Staphylococcus aureus* before treatment of AgNPs, (b) after 6 h of treatment with AgNPs, (c) after 10 h of treatment with AgNPs, (d) after 18 h of treatment with AgNPs.Figure 6

Discussion {#sec4}
==========

Bioresources, such as plants, are important sources of environmentally benign, bioactive compounds for nanoparticle production. In this study, a green chemistry approach was used to synthesize AgNPs using *B. asiatica* leaf extracts. The phytosynthesized AgNPs were further screened for anti-biofilm activity against Gram-positive bacteria, *S. epidermidis* and *S. aureus*. When aqueous leaf extracts of *B. asiatica* were added to silver nitrate solution in the dark, the resultant solution turned dark brown, while no colour change was observed in the absence of plant extract incubated under the same conditions. The appearance of a dark brown colour in solution indicated the formation of AgNPs. A characteristic SPR peak at 426 nm in UV--vis spectrum was observed at 60 min of incubation at 40 °C. Past studies suggested that a SPR peak located between 410 nm and 450 nm exists for AgNPs and might be attributed to spherical nanoparticles.[@bib27] The stability of the phytosynthesized AgNPs was studied by measuring its intensity at 426 nm over two months. No significant change in the intensity was observed, which demonstrated its stability.

In FTIR spectra, the peak at 3440 cm^−1^ in the spectrum of AgNPs can be assigned to the ---NH stretching of amines in the protein. The bands at approximately 2929 cm^−1^ and 2832 cm^−1^ can be attributed to C---H stretching of aromatic compounds. The dominant peak at approximately 1635 cm^−1^ can be assigned to C000000000000 000000000000 000000000000 111111111111 000000000000 111111111111 000000000000 000000000000 000000000000C stretching of amide-I and amide-II, respectively, and should be regarded as the presence of the proteins.[@bib28] The bands at approximately 1460 cm^−1^ and 1383 cm^−1^ can be attributed to C---H bending. The bands at 1243 cm^−1^ and 1055 cm^−1^ can be attributed to C---O stretching. The bands at 793 cm^−1^ and 605 cm^−1^ can be assigned to C---Cl stretching, which is characteristic of alkyl halides. It may be concluded from the FTIR spectroscopic study that the secondary structure of proteins in the *B. asiatica* extract are not affected because of their interaction with Ag^+^ ions or nanoparticles and acts as the capping agents to the phytosynthesized AgNPs.[@bib29] The results obtained from various characterization methods revealed that AgNPs were in the size range of 15 nm--35 nm and crystallized in face-centred-cubic structure. The corresponding electron diffraction pattern obtained by XRD analysis confirmed the "face-centred-cubic" crystalline structure of AgNPs. The average crystalline size of phytosynthesized AgNPs was calculated using Scherrer\'s equation: D = kλ/βcosθ,[@bib30] where D is the particle diameter size, k is a constant (equal to 0.9), λ is the wavelength of X-ray source (1.5406 Å) and β is the full-width at half maximum (FWHM) of the XRD peak at the diffraction angle θ. The average calculated crystalline size of phytosynthesized AgNPs was approximately 27 nm. Silver (70.22%) was the major constituent element compared to copper (28.80%) and oxygen (0.89%). The EDS profile showed a strong signal for silver along with some peaks that may have originated from the biomolecules that are bound to the surface of AgNPs, indicating the reduction of silver ions to elemental silver.

Biofilm formation and bacterial infections on the surface of medical devices are a major concern worldwide and a serious challenge for biomedical science. Hence, topical applications of effective antibacterial agents are needed to reduce biofilm formation and infection. Despite antibiotic therapy, infection caused by Gram-positive pathogenic bacteria *S. epidermidis* and *S. aureus* are difficult due to the emergence of resistance to currently available antibiotics. Therefore, alternative antibacterial agents are needed for treatment of infections caused by these microorganisms and has prompted us to search for a suitable topical anti-infective agent. We focussed on preparations of an agent that reduces bacterial infection and biofilm formation while limiting drug resistance. In this study, phytosynthesized AgNPs have a potential application as a pathogenic biofilms growth inhibitor and may have future applications in the development of derivative agents to control the spread and infection of a wide range of drug resistant pathogenic strains.

Conclusions {#sec5}
===========

In this study, we synthesized AgNPs from leaf extracts of *B. asiatica*. The synthesized AgNPs were spherical in shape with size ranging from 15 nm to 35 nm, as observed in XRD, TEM and AFM analysis. We have demonstrated that phytosynthesized AgNPs capped with various functional groups of the adsorbed biomolecules coated on glass surface help prevent biofilm formation and adhesion of *S. epidermidis* and *S. aureus*. Thus, coating of phytosynthesized AgNPs on glass surfaces may provide efficient antibacterial agents in treating medical device associated infection of *S. epidermidis* prepared by *B. asiatica* leaf extracts. In spite of these findings, a greater understanding of biofilm formation may lead to better predictability of biofilm processes such as detachment, as well as more effective control strategies.
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